Catalysts made of Pt nanoparticles and Pt alloys are considered state-of-the-art catalysts for the anodic and cathodic reactions involved in hydrogen fuel cells. The optimal size of such nanoparticles for each chemical reaction is an unsolved problem, which depends on environmental variables, such as reactant concentration, solvent, temperature, etc 1,2 . From a theoretical point of view, this problem has been tackled mainly by observing how single key adsorbates react with different nanoparticles in controlled conditions. In this work, we use large-scale DFT calculations to examine the interplay between the Pt nanoparticle size and O coverage effects. We examine single O adsorptions for three adsorption sites on cuboctahedral platinum nanoparticles with different sizes. As we grow the nanoparticle size, the binding strength decreases and we observed a quick convergence of the adsorption energies with increasing nanoparticle size, which correlates with the calculated d-band centre for (111) Pt facets on such nanoparticles. We also carried out a detailed study of the effect of oxygen coverage with varying fractions of O monolayer coverage, computing adsorption energies per O atom for Pt 55 , Pt 147 , and Pt 309 nanoparticles with several O coverages. In general, the increase of O coverage led to weaker adsorption energies per O atom, and when analysing the results in terms of oxygen monolayers, this effect is more pronounced for larger nanoparticles. The O coverage dependency of the adsorption energy per O atom is analysed in terms of the O distribution for each nanoparticle size and electronic changes that the adsorbed oxygen causes to the Pt nanoparticle. In studying nanoparticle size and oxygen coverage effects simultaneously, we offer insights with DFT accuracy to help on heterogeneous catalyst design.
Introduction
Rational heterogeneous catalyst design is one of the main research challenges in physical chemistry due to the high number of industrial and environmental applications which rely on the efficiency, activity and selectivity of such catalysts. The catalyst efficiency is a key variable for CO 2 reduction, conversion of biomass to hydrogen and other fuels, sulphur removal from combustible fuels, and other chemical processes crucial in our drive for a sustainable society. For instance, the fuel cell technology can be a valuable tool for lowering pollutant emissions, because fuel cells are capable of producing electricity safely and with high autonomy. However, fuel cell performance depends on catalysts able to perform anodic and cathodic reactions efficiently.
with reactants, products and intermediates is fundamental to design new catalysts for each reaction. Consequently, computational studies developed with density functional theory (DFT) and molecular dynamics (MD) on atomic and molecular adsorptions on catalytic surfaces are simple and powerful tools to provide insights at the atomic level the ability of certain metallic surfaces to act as catalysts for specific chemical reactions.
First of all, atomic and molecular adsorptions are usually the first step towards chemical reactions on the catalyst surface. Secondly, by exploiting the Sabatier principle 3 , DFT calculations of adsorption energies have enabled researchers to create scaling relations between bond energies and reaction barriers, generating the so-called volcano plots which can be tested both theoretically and experimentally and be used to predict new catalysts. As an example, Jacobsen et al. 4 correlated via DFT calculations the adsorption energy of atomic N with the production rate of ammonia using different materials, showing a remarkable correlation between experimental and theoretical data and concluding that CoMo alloys should be efficient catalysts for this reaction. Similarly, the atomic oxygen adsorption energy correlates with the re-action energy of oxygen reduction reactions (ORR) in the form of a volcano plot [5] [6] [7] . Atomic oxygen adsorption energies were also used to describe to some extent chemical reactions such as the C-C, C-H, and C-O bond breaking in the ethanol steam reforming 8 , and CO hydrogenation 9 .
Recently, Abild-Pedersen et al. 10 showed with DFT calculations, that it is possible to predict the adsorption of polyatomic molecules using atomic adsorptions as descriptors. They demonstrated that the adsorption energy of CH x , OH x , NH x , and SH x can be predicted by using the adsorption energies of C, N, O, and S atoms. This discovery led to further scaling relations, such as the ones observed by Liu and Greeley 11 , correlating the adsorption energies of several intermediates in the glycerol oxidation with the adsorption energies of O, C, and glycerol itself. The adsorption energies of glycerol and intermediates can describe the reaction barriers in the glycerol oxidation reaction 11 via the Brønsted-Evans-Polanyi principle. Thus, the correlation between energy barriers and adsorption energies, and the scaling relations between the adsorption energy of polyatomic molecules and atoms can drastically reduce the computational effort necessary to study such complicated reactions.
Computing the adsorption energies for a wide range of metal surfaces and alloys, crystal facets, nanoparticle shapes and sizes, and adsorption sites is a highly computationally demanding task. Thus, considerable effort has been applied to finding electronic and geometrical properties in the catalyst material to describe and predict the adsorption energies of atoms and molecules. Nørskov et al. showed that the ability of a catalyst surface to adsorb atomic oxygen correlates to the energetic centre of the d-band in comparison with the Fermi level 5, 12, 13 , showing that as the d-band centre shifts to values closer to the Fermi level, the oxygen adsorption energy strengthens.
The d-band centre descriptor has been widely tested and validated throughout the last years for different adsorbates and catalytic surfaces. Moreover, geometric and electronic changes in the catalytic surface, such as the ones caused by alloying metals or using different supports for metallic monolayers and nanoparticles [14] [15] [16] [17] [18] [19] [20] , have been correlated with d-band centre shifts and catalyst reactivity, providing insights about general guidelines to control the catalytic activity of metallic surfaces. Recently, new descriptors have been developed and tested for atomic and molecular adsorption. For example, Calle-Vallejo et al. 21 showed that the generalized coordination number, a purely geometric descriptor, predicts the adsorption energies for different adsorption sites and nanoparticle sizes successfully without the need of a single electronic structure calculation. Aarons et al. 22 also describe the atomic oxygen adsorption energies on different adsorption sites of Pt nanoparticles by using a descriptor which relies on the local value of the electronic density.
Most of the computational studies on oxygen adsorption on metallic surfaces treat the problem in the low O coverage limit, as the system complexity and computational cost of such simulations grow with the number of atoms. However, the adsorption energies are dependent on the adsorbate coverage due to the adsorbate-adsorbate interactions and the electronic and geometric changes that the adsorbates induce in the catalytic surface.
Miller and Kitchin 23 studied the effect of atomic oxygen coverage for Pt and Au fcc (111) surfaces, observing a weakening in the adsorption energies with the increase in the oxygen coverage. They showed that the increase in the oxygen coverage induces electronic changes in the metallic surfaces with a broadening of the d-band of surface atoms and a downshift in the d-band centre energies 23 . A coverage dependence of the adsorption energies associated with changes in the d-band centre due to the adsorbates presence was also found for Pd (111) facets and atomic C, N and O 24 and corroborated on different metallic slabs [25] [26] [27] .
Meanwhile, Bray, Skavdahl, McEwen, and Schneider 28 showed that the O adsorption with increasing adsorbate coverage is highly dependent on the O cluster configuration, which can be tuned with cluster expansions methods [28] [29] [30] [31] [32] , and was a key variable to reproduce temperature programmed desorption experiments with first principle calculations 28 . Getman and Schneider 30 and Frey, Schmidt, Wolverton, and Schneider 31 also showed the importance and non-uniformity of surface coverage effects on the activation energies of different reaction steps in the NO oxidation reaction. Bray, Smith and Schneider 32 also studied a stepped, kinked Pt (321) surface as a better model for metallic nanoparticles. They showed that on Pt (321) surfaces, atomic oxygen binds preferentially at bridge sites at the step edges for low O coverages, and as the coverage increases O also adsorbs on threefold hollow sites forming PtO 4 -like structures.
Most of the catalysts used for fuel cell applications are made from expensive materials such as Pt, Pd, Rh, and Au. Aiming to increase the active surface area per mass, pure and alloyed metallic nanoparticles have been used in state-of-the-art catalysts. For metallic nanoparticles, it is possible to control the catalytic activity by changing parameters such as size, composition and shape, which creates additional paths to search for optimal catalysts. For instance, Pt nanoparticles catalysts have peaks of mass activity usually around 2.5 nm diameter [33] [34] [35] [36] . Also, for metallic nanoparticles, adsorption sites on the edges and vertices of the nanoparticles are present, and the interaction of adsorbates with such sites is dramatically different from the ones observed on (111) or (100) facets.
Computational studies performed with DFT on size effects for Pt nanoparticles are usually carried out in the low coverage approximation. For instance, Han, Miranda, and Ceder 37 studied via DFT OH and O adsorptions on Pt nanoparticles with up to (number) atoms showing the following adsorption site hierarchy: bridge vertex < hollow-HCP < top vertex < hollow-FCC < bridge centre < top edge. They also showed a weakening in the adsorption energy with the Pt nanoparticle increase 37 , which was also demonstrated by Li et al. 38 for the interaction of O with Pt nanoparticles.
Studying adsorbate coverage effects on metallic nanoparticles with computational simulations is a demanding task. However, it is still possible to find a few studies carried out with DFT and MD calculations on this subject. As an example, Wei and Liu 33 observed with DFT calculations that the O coverage for Pt nanoparticles is much higher at edge adsorption sites than at the terrace sites at (111) facets and that the oxidation on Pt nanoparticles should start in the nanoparticle edges. Also, the coverage on (100) facets is higher than the one observed on (111) facets 33 .
Jinnouchi, Suzuki, and Morimoto 39 also studied the coverage dependency with DFT calculations, showing that Pt electrooxidation starts with the adsorption of OH adsorbates at adsorption sites near the edges of the nanoparticles. With increasing electrode potential, atomic O replaces OH species, and as the edges and corners of the nanoparticles are easily covered with O, these sites become inactive for ORR and are the starting points for catalyst corrosion, which can be avoided by doping edges of Pt nanoparticles with Au atoms 39 . Jinnouchi, Suzuki, and Morimoto 39 also observed that at high O coverage, some oxygen atoms move to subsurface sites. Subsurface oxygen with increasing O coverage was also observed experimentally 40, 41 , and with MD calculations 42 , and with DFT calculations for Pt slabs 43 . The presence of subsurface oxygen is an important phenomenom on catalysis research, as it is associated with the Pt catalyst corrosion and changes in the catalyst surface reactivity 40, 41, 44 .
Recently, Gai et al. 42 studied the effects of oxygen coverage for Pt catalysts via MD calculations on Pt surfaces and nanoparticles of different sizes and shapes. For spherical Pt nanoparticles of various sizes, they observed that hollow sites are the first to adsorb O, followed by subsurface sites. Smaller nanoparticles formed bulk oxides at lower pressures as compared with the larger clusters, which was explained due to the decrease on O adsorption surface sites on smaller nanoparticles and to the higher percentage of edge and corners sites which adsorb O more easily. The effect of the rate of edges and corners was also demonstrated by comparing different Pt nanoparticles shapes, where octahedron models with a higher percentage of edges and corners showed higher oxygen coverages when compared with cubic and cuboctahedral models 42 .
Here, we will provide details about the implementation of an angular momentum projected density of states with the ONETEP linear-scaling DFT formalism 45 , which is useful to catalyst research to calculate the d-band centres that act as an electronic descriptor. We compute with large-scale DFT calculations atomic O adsorption energies for Pt n nanoparticles with n up to 309 atoms in different adsorption sites. We also show a detailed analysis of different methodologies used to tackle the oxygen coverage problem with DFT calculations, showing the limits of each approximation made to reduce the computational cost. The chosen methodology is then used to study the complicated interplay between O coverage and Pt nanoparticle size, by computing different O coverages for three nanoparticle sizes. We discuss and interpret these results in terms of oxygen adsorption energies, O distribution for each coverage and electronic structure changes induced in the Pt surfaces due to the interaction with the adsorbates.
In the next section we describe the computational methods used for our calculations. Next, we describe our implementation of a angular momentum projected density of states (p-DOS) in the ONETEP code 45 . We then show our results for single atomic oxygen adsorptions and for a series of oxygen coverages in cuboctahedral platinum nanoparticles of increasing size. Finally, we present our conclusions about the obtained results aiming to provide insights about these effects for practical catalyst design.
Methods
We performed our DFT calculations with the ONETEP linearscaling DFT program 45 within the ensemble-DFT (EDFT) method 46 , which allows large-scale DFT calculations on metallic systems. In ONETEP, the density matrix is constructed with localised non-orthogonal generalised Wannier functions (NGWFs) 47 and a density kernel matrix, as follows:
where ρ is the one particle electronic density matrix, φ is a NGWF, and K α,β is the density kernel matrix, which is a generalisation of state occupancy to the NGWFs. The NGWFs are expanded in terms of psinc basis functions 48 , which are equivalent to a plane wave basis set, and are optimised in situ, allowing variational freedom and results with near-complete basis set accuracy.
We adopted the rPBE functional 49 as our exchange-correlation functional, which is known to be particularly good for calculations of binding energies on surfaces 50 , and the projector augmented wave (PAW) method 51, 52 to represent the core electrons.
We set the psinc basis set kinetic energy cutoff to 550 eV for geometry optimisations and 850 eV for total energy and properties calculations. We assigned 12 NGWFs for each Pt atom and 4NGWFs for each O atom. For all NGWFs, we used 9.0 a 0 radii. The NGWF conjugate gradient optimisation preconditioning parameter k 0 53 used in our simulations was equal to 2.5 a 0 −1 . The Fermi-Dirac occupancy smearing scheme was used, with a 0.1 eV electronic temperature. We used simulation cells obeying periodic boundary conditions with large vacuum gaps and with the spherical Coulomb-cutoff approach to eliminate interactions between periodic images 54 . In the supplementary information, we show a convergence test for Coulomb-cutoff radius † . We calculate the minimum Coulombcutoff radius r CC with the following equation:
where rmax i j is the maximum inter-atomic separation in our systems, r NGW F is the NGWF radius, and a is a constant value of at least 5 Å to account for Gibbs oscillations associated with the cut-off in the Coulomb operator.
We employed the BFGS method to optimise the geometries 55 , using a convergence threshold of 0.002 Eh/a 0 on the atomic forces for the optimisation of O on Pt nanoparticles and 0.005 Eh/a 0 for the optimisation of isolated Pt nanoparticles. On the next sections, we discuss in details different geometry optimisations strategies to study the O adsorption for different nanoparticle sizes and O coverages. sorption energies of several ligands on transition metal surfaces, which can be used to predict catalytic activity. This model is built under the observation that chemisorption of ligands can be described through the interaction between the s and d states in the metallic surface and the valence states from the ligand.
The contribution from the interaction of the metallic s band and the ligand s and p orbitals is very similar over transition metals, as the s energy levels of metallic surfaces form delocalised and continuum bands which do not vary much between different surfaces. On the other hand, the d levels of metallic surfaces are comparatively localised and are considered, under the d-band model, to be responsible for the main variations in the adsorption energies of ligands on different surfaces.
The interaction between ligands and the metal d-band arise from the formation of bonding and anti-bonding states between adsorbate and metal surface. The filling of the anti-bonding state controls the bonding strength and it can be evaluated through the energy of the anti-bonding state in comparison with the Fermi level. As the energy of the anti-bonding state is always higher than the energy of the d states, Nørskov proposed that the energetic centre of the occupied d-band relative to the Fermi level can be a good descriptor of anti-bonding state energy, and consequently the anti-bonding state filling and the bonding strength. Thus, higher d-band centres with respect to the Fermi level in metallic surfaces are associated with stronger ligand adsorption energies.
To calculate the d-band centre, one has to be able to calculate the density of states of the metallic system for each angular momentum, as the d-band centre with respect to the Fermi level ε d − ε f , is defined as the average energy of the d-electrons.
where ρ d (ε), is the DOS of the d electrons, either for all atoms or for a subset of the atoms as in the cases when we are interested in studying a metallic surface, and f (ε) is the occupancy of the bands at energy ε. The density of states (DOS) is a function of the energy ε defined as:
where ε i are the eigenvalues of the Hamiltonian, or band energies, and ψ i are the eigenfunctions or bands.
In ONETEP, the electron bands ψ i ( r) are written in terms of NGWFs φ α ( r) using the eigenvalues of the one-particle Hamiltonian:
where we use the summation convention over repeated Greek letter indices, that correspond to non-orthogonal quantities. In terms of the NGWFs the normalisation condition of the bands becomes:
In order to compute a projected density of states such as
in ONETEP, the NGWFs need to be projected onto basis functions with angular momentum resolution and for this purpose we use sets of spherical waves with the same centres and localisation as the NGWFs. In addition to the projection to angular momentum we would like to partition each eigenvalue into contributions associated with a subset of atoms, creating a local and angular momentum projected DOS. To give angular momentum and atomic resolution, we can insert a basis of truncated spherical waves,
where A represents an atom, n,l and m are the quantum numbers, j l are spherical Bessel functions of the first kind, Y l,m are the spherical harmonics and Ω is the solid angle corresponding to r. H is the Heaviside step function used to truncate the spherical waves inside spheres with radii a.
We can choose at this point either to use the full set of spherical waves on each atomic centre within a given psinc kinetic energy cut-off or to contract to a smaller set of functions. We call these spherical wave contracted functions (SWCFs):
where ω k are weights which in practice are unity. An identity operator in terms of the SWCFs can be constructed as follows:
where an implicit summation is assumed over repeated indices and O A,l,m|B,l ,m is the inverse overlap matrix of the SWCFs. By inserting (6) and (9) in equation 4 we obtain an decomposition of the DOS in terms of atoms and angular momentum channels:
where the quantities R B,l ,m i and T B,l ,m ,i are defined from the above equation. We can then define a set of weights as the Hadamard product of R and the transpose of T, so that finally the full DOS becomes
The above expression allows us full flexibility to process the DOS according to our requirements by using the matrix of weights W (B,l ,m ),i allows us to construct various types of DOS. For example, in order to construct the DOS for the d electrons we can add up all the weights for l = 2 while if we want to restrict this DOS to a subset of atoms of our system (such as only the atoms on a surface S ) we can further restrict the summation to only these atoms:
This expression was derived for the case of norm-conserving pseudopotentials where ψ i are the pseudo wavefunctions. In the case of PAW calculations 51, 52 , equation 4 becomes
whereψ i are the smooth valence wavefunctions andτ is the PAW operator that transforms these to the valence wavefunctions with all-electron shapes in the core. This results in replacing the integrals χ B,l ,m |φ β with χ B,l ,m |Ŝ|φ β whereŜ is the overlap operator (unity operator) in the PAW formalism 51, 52 . These integrals are evaluated using the existing PAW machinery of ONETEP.
Finally, the number of electrons that occupy a particular DOS can be obtained as the area under the DOS multiplied by the occupancy, so for the example of equation 14 we would obtain the number of electrons as follows:
provided of course that the weights have been normalised appropriately, so that
is the total number of electrons. We plot on Figure 1 the total and the projected density of states for an O atom on a singlet state and a CO molecule. We performed the calculations using the same parameters described in the previous section. For CO, we optimised the molecule geometry before running the properties calculation.
For the O atom, it is simple to observe that the density of states was successfully projected to s and p orbitals. For the CO molecule, the total DOS shows the existence of four peaks, representing the occupied molecular orbitals formed by the valence electrons. The last and the first two peaks represent σ orbitals formed by hybridised sp orbitals and are described in our angular momentum projected density of states as a sum of s and p contributions. The third peak is two times more intense, as it represents two degenerate π molecular orbitals which are, as expected, fully projected as a p band, illustrating the results we can obtain with the implementation of the angular momentum projected density of states.
Results

Size effects for single O adsorption
In this section, we present how the adsorption energies for a single oxygen atom change as we increase the Pt nanoparticle size. We start our calculations by geometry optimising the Pt nanoparticles, which will remain fixed in the optimised structure during the geometry optimisation of the adsorbate on top of the nanoparticle. We calculate the adsorption energies, E ADS , as follows: 
where, E O/Pt n is the energy for the system with O interacting with a Pt nanoparticle, E Pt n is the energy of the Pt nanoparticle, and E O 2 is the energy of an oxygen molecule in the triplet state. Figure 2 shows the adsorption sites we used for single atomic oxygen adsorption.
We calculated O adsorption at the hollow HCP and hollow FCC sites, respectively near the vertex and centre of the (111) nanoparticle facet. For the (100) facet, we calculated the adsorption energies for bridge sites near the edge of the nanoparticle. Figure 3 shows adsorption energies as a function of the nanoparticle size. For the (111) facet, HCP hollow binds O stronger than the FCC (111), this result agrees with observations previously obtained for Pt nanoparticles 37, 56, 57 and it is the opposite of the observed for Pt slabs 43 , due to the proximity of HCP sites and the edges of the nanoparticles. We also observe that the adsorption energy obtained for hollow (HCP) on (111) facets is similar to the observed for bridge (100) near the edge of the nanoparticle. This result also agrees with previous papers 37 , and it will be used to guide us in our studies regarding O coverage effects.
For all adsorption sites, the O adsorption weakens as we increase the nanoparticle size, which agrees with previous observations in the literature. For nanoparticles larger than Pt 55 , the variations in the adsorption energies are smaller than 0.10 eV. The fast convergence of O adsorption energies within the Pt nanoparticle size and the subtle peak for Pt nanoparticles near 1.7 nm is also similar to that observed in previous works from Li. et.al 38 for cuboctahedral nanoparticles and from Shao, Peles, and Shoemaker 36 for truncated octahedral nanoparticles. (111) facets vary with nanoparticle size in a similar way that the O adsorption energies do. As we increase the nanoparticle size, the d-band states become more continuous and converge towards the results of the largest nanoparticle size. As expected, with increasing nanoparticle sizes, the d-band centre shifts away from the Fermi level, which is associated to weaker O binding, quickly converging to the value obtained for our largest nanoparticle, with the difference in the d-band centre for all nanoparticles sizes between Pt 55 and Pt 561 being smaller than 0.05 eV. As the d-band centre for Pt 561 is similar to the obtained for all nanoparticles larger than Pt 55 , we do not expect any significant change in the O adsorption energies for this nanoparticle size.
Coverage effect: Methodology calibration
Studying the oxygen coverage effect on Pt nanoparticles of different sizes with DFT calculations is a highly computationally demanding task. This section aims to thoroughly describe approximations made to reduce the computational effort, and assess the validity of each model and the limits of our results. Finding the ground state arrangements of O atoms for each coverage can be a complicated task. In the literature, some authors have analysed the importance of oxygen arrangements for each coverage for Pt surfaces [28] [29] [30] [31] [32] . When treating Pt nanoparticles, this task is even more complicated due to the increase of adsorption sites, because the proximity of an adsorption site to the edge of the nanoparticle changes its capacity of adsorbing oxygen.
Here, we started our simulations with O atoms placed at hollow HCP and bridge sites near the edge of the nanoparticle for (111) and (100) facets respectively. These adsorption sites are the stronger ones for each nanoparticle facet if we ignore the adsorption sites in the edges or vertex of the nanoparticle. As the adsorption energies for HCP (111) and bridge (100) are similar in the single oxygen limit, we assumed an even increase in oxygen coverage on both facets.
We studied cuboctahedral platinum nanoparticles with up to 309 Pt atoms, covering the nanoparticles with up to 1ML of oxygen atoms, where we define 1 ML coverage if the number of O atoms is the same as the number of Pt surface atoms. To reduce the computational cost associated with the increasing number of O atoms, we performed our O coverage calculations under three assumptions: I) Constraining Pt nanoparticle movement. The first assumption is widely used when studying the adsorption of atoms and molecules on metallic nanoparticles with DFT calculations. We assume that the change in the adsorption energy due to the nanoparticle deformation after the interaction with the adsorbate should be small and would create a near constant shift on adsorption energies, not changing overall trends and main conclusions when comparing different systems.
To test this assumption, we compute the adsorption energies per O atom with two geometry optimisation strategies, here called "Relaxing Pt", when we geometry optimise all the Pt and oxygen atoms, and "Freezing Pt" when we optimise only O atoms with the Pt atoms constrained.
We computed single O adsorption and multiple O adsorptions varying the oxygen coverage for Pt 55 and Pt 147 nanoparticles. For Pt 55 nanoparticles we tested the assumption for systems with the whole nanoparticle covered and with only one hemisphere covered, while for Pt 147 we only considered hemispherical coverages. We calculate the adsorption energy per O atom as follows:
where E O m /Pt n is the energy obtained for the interacting system when the Pt nanoparticle is maintained rigid and †E O m /Pt n is the energy obtained for the interacting system if the Pt nanoparticle is relaxed during the oxygen adsorption. M and N are the number of oxygen and Pt atoms. E O 2 is the energy of an O 2 molecule in the triplet state, and E Pt n is the energy for Pt nanoparticles relaxed without O atoms. Table 1 shows the computed adsorption energies for the "Relaxing Pt" and "Freezing Pt" approaches, with differences of around 0.2 eV in the adsorption energies due to the effect of nanoparticle deformation after interaction with the adsorbates. The overall trends in the adsorption energies with increasing oxygen coverage are very similar with both approaches, with the main differences between both approaches happening for high O coverages.
To assess how the nanoparticle relaxation due to the interaction with the adsorbate changes the nanoparticle structure and the oxygen arrangement, we plot on Figure 5 spherical atomic distribution functions of Pt and O atoms using the atom in the centre of the nanoparticle as our reference. We present the atomic distri- bution function for the "Relaxing Pt" and "Freezing Pt" approaches using three different oxygen coverages. Figure 5 shows that the nanoparticle geometry due to the interaction with the adsorbates is highly dependent on the oxygen coverage. For the "Freezing Pt" approach with 0.33ML coverage, we see the presence of six distinct peaks, with four peaks representing Pt atoms and the other two oxygen atoms. The first peak at 2.74 Å shows the first Pt shell. For the second Pt shell, the peak at 4.00 Å represents Pt atoms in the centre of the (100) facet, while peaks at 4.78 Å and 5.39 Å represent atoms in the edges and vertices of the nanoparticle. The oxygen peaks for bridge (100) and HCP (111) adsorption sites are respectively represented at 5.57 Å and 6.10 Å far from the centre of the nanoparticle.
Still for the "Freezing Pt" approach, as we increase the oxygen coverage, the peak related to oxygen at the HCP (111) adsorption sites widens due to the O diffusion from HCP (111) to bridge sites in the edges and vertices of the nanoparticle. According to Han, Miranda and Ceder 37 and with our own calculations present in the supplementary information † , the adsorption energies for these adsorption sites are relatively close, with bridge sites in edges of the nanoparticle being stronger than HCP(111) near the vertices. The similarity of the adsorption energies for the adsorption sites is responsible for an easy O diffusion 56 . The peak for the bridge (100) site remains almost constant. The diffusion of these O atoms is more difficult as bridge edge and top vertex sites are already occupied and the remaining adsorption sites, namely top sites in the nanoparticle edges and centre of (100) facets, adsorb oxygen much weaker than the initial position.
For the "Relaxing Pt" approach, we see that while the first peak remains in the same position for all O coverages, while the external Pt shell radially expands after the interaction with the adsorbates. For low coverages, such as 0.33ML, this expansion is the main modification and the characteristics cuboctahedral peaks described before are present. As the O coverage increases, the change in the nanoparticle geometry becomes more visible, and the oxygen radial distribution also changes. For the 1 ML coverage, we stop having distinct peaks for both, Pt and O atoms and a large overlapping region with Pt and O atoms appears, ranging from 5.25 Å to 6.25 Å, which indicates the formation of a Pt-O external shell instead of the regular O adsorbed on Pt nanoparticle behaviour. Figure 6 illustrates the final configuration for the 1 ML coverage with the "Relaxing Pt" and "Freezing Pt" approaches.
The results obtained with the "Relaxing Pt" approach show the sinking of the O atoms into the Pt nanoparticle structure as we increase the O coverage. This result agrees with observations of subsurface O atoms with increasing oxygen coverage, already observed experimentally 40, 41 and in computational studies for nanoparticles 39, 42 and slabs 43 . To accurately detect subsurface oxygen, our simulations would have to use a different approach and sample different initial configurations for the oxygen atoms. However, the sinking of oxygen atoms with increasing coverage can be an indication that at higher coverages the O adsorption starts to be unstable.
Our results indicate that if one is interested in assessing subsurface oxygen, the "Relaxing Pt" approach should be more suitable. Moreover, with increasing O coverage, there are some small variations in the effects of Pt relaxation due to the O adsorption. However, the main trends in adsorption energies per O atom with different coverages are very similar when calculated with both approaches. Thus, if one is mainly interested in the effect of the O coverage to the average bond strength between oxygen atoms and Pt nanoparticle, constrain Pt atoms movement during the adsorbate relaxation is a valid approach. II) Hemispherical oxygen coverage. The cuboctahedral nanoparticle is symmetric, and the changes in the nanoparticle caused by the O adsorption are relatively local. Thus, as our second assumption, we consider that we do not need to cover the whole nanoparticle surface with O. We added oxygen only to one hemisphere of the nanoparticle, supposing that it would be enough to represent the problem we want to study. Table 2 shows the adsorption energies per O atom for the whole nanoparticle covered with O and for the hemispherical coverage. We computed these values using the "Relaxing Pt" and "Freezing Pt" approaches discussed before. In general, we see that this assumption does not change the behaviour of adsorption energies per O atom, being a valid approximation to reduce the computational cost.
The only significant change happens for our highest O coverage with the "Freezing Pt" approach, which should be treated carefully as previously demonstrated. For high O coverages, using a hemispherical coverage can induce an error in the final oxygen distribution on the free/covered interface. For hemispherical coverages, the oxygens near the free/covered interface, which does not exist when the nanoparticle is fully covered, tend to move closer to facets free of oxygen to increase the distance between adsorbates. III) Relaxing O atoms only for a specific facet. Finally, we tested the effect of relaxing only a subset of O atoms. Here, we have tried to assess the O coverage effect for a single nanoparticle facet. We geometry optimised only the O atoms on a specific (111) facet and constrained the movement of all remaining O atoms, which were used to create an environment able to reproduce the O coverage effect.
We fixed the O surrounding atoms in the stable positions obtained for the single oxygen adsorption, constraining the movement of Pt and surrounding O atoms to drastically reduces the degrees of freedom in the geometry optimisation. We calculate the adsorption energies E ADS , with a different methodology, demonstrated in equation 22 , to obtain the results from a single facet.
where, E REF is the energy for the reference system, illustrated on Figure7, mm is the number of O atoms in the studied Pt facet, and m is the total number of O atoms in the system. The energy E O m /Pt n can be calculated after the full geometry optimisation of all O atoms in the system or after the geometry optimisation of O atoms of one nanoparticle facet. In all the cases, we only covered one hemisphere of the nanoparticle. Table 3 shows the adsorption energies per O atom computed by geometry optimising all O atoms and just a nanoparticle facet. For the calculations that we geometry optimised all O atoms, we also show E ADS calculated with equation 19. The first two columns show that E ADS and E ADS are not comparable, as in one case we are assessing the adsorption energies for the whole nanoparticle including (111) and (100) facets, and for a single facet, and in the other case we assess a single (111) facet.
Comparing the final two columns, we see that relaxing only one nanoparticle facet is not enough to represent the oxygen coverage dependency in the adsorption energies. When we allow all O atoms to relax, the increase in the oxygen coverage induces a we are not allowing all O atoms to relax, the atoms in the studied facet will find a different oxygen configuration near the nanoparticle edges and vertices. After our tests, we decided to study the interplay between the effect of oxygen coverage and Pt nanoparticle size using only the first two assumptions in our methodology. Thus, in the next section, we present the adsorption energies per O atom for different coverages in three nanoparticle sizes, by covering one hemisphere of the nanoparticle with oxygen and optimising all the oxygen positions, while keeping the Pt atoms frozen. Using this methodology, we are able to study the main trends in the adsorption energies per O atom for different oxygen coverages and nanoparticles sizes, separating the effects of oxygen cluster configuration and electronic changes in the nanoparticle surface due to increasing O coverage.
Interplay between nanoparticle size and O coverage
So far we have studied single atomic oxygen adsorption at different adsorption sites for Pt nanoparticles of increasing size and carefully assessed geometry optimisation methodologies to treat multiple oxygen adsorption with different coverages. Here, we employ the selected approach to study multiple oxygen adsorptions on the Pt 55 , Pt 147 , and Pt 309 nanoparticles with O coverages up to 1ML, where we define 1 ML coverage when we have the same number of O and surface Pt atoms.
Again, we started our simulations with O atoms placed at hollow HCP near the vertex of (111) facets and bridge sites near the edge of (100) facets. We increase the O coverage by adding one atom per facet up to the final coverage for each nanoparticle. For Pt 147 and Pt 309 nanoparticles, after filling with O the hollow HCP sites near the vertex, we start to use hollow HCP near the edges of the nanoparticle to build our initial guesses. The initial and final O configuration for each nanoparticle size and O coverage can be seen in the supplementary information. † As oxygen adsorption energies are highly dependent on the adsorption site 21, 22 , we start our analysis showing on Table 4 the number of O atoms on each adsorption site for each nanoparticle size and oxygen coverage, where the numbers outside (inside) brackets represent the O configuration before (after) the geometry optimisations. We observe two distinct effects related to the interplay between Pt nanoparticle size effect and O coverage. Table 4 Number of O atoms present on each adsorption site for different nanoparticle sizes and oxygen coverages. Numbers outside (inside) brackets represent the O configuration before (after) the geometry optimisations.
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12 (12) The first effect is related to the difference in the percentage of a given adsorption site on different nanoparticles. As the nanoparticle size grows, adsorption sites near the vertices and edges represent a lower portion of the total number of sites. Thus, when comparing two nanoparticle sizes, the largest will have a higher number of weaker adsorption sites being used to obtain the same coverage. Consequently, when assessing the O coverage in terms of fraction of O monolayers, we will see a weakening in the adsorption energy per O atom due to the usage of weaker adsorption sites, which will be more pronounced as we increase the nanoparticle size.
The second effect is the oxygen diffusion during the geometry optimisations that happens for certain coverages. For all nanoparticle sizes, we see oxygen atoms moving from the initial adsorption sites if the coverages are higher than 0.6ML. For (111) facet, oxygen at the HCP (111) adsorption sites on the vertices and edges are destabilised with increasing coverages and diffuse to bridge sites in the vertices and edges of the nanoparticle. For (100) facet, oxygen remains stable for bridge sites near the edge for almost all coverages, with diffusions happening only for the highest O coverages in the covered/uncovered interface which is an artefact of adding O atoms to only one hemisphere. As explained in the previous section, the diffusion of oxygen atoms in the (100) facets is more difficult, as adsorption sites in the edges of the nanoparticle are occupied by O atoms from the (111) facets and the remaining sites bind oxygen much weaker than the initial position.
To assess how each effect contributes to the adsorption energy dependency on the oxygen coverage, we computed the single oxygen adsorption for each site and used these values to calculate the average O adsorption for the initial and final configurations, as follows:
where m is the total number of O atoms, N i is the number of atoms on adsorption sites similar to the adsorption site i, and E ADS(i) is the adsorption energy computed for a single oxygen adsorption at the site i. A list with the adsorption energies for each adsorption sites can be found in the supplementary information. † Figure 8 shows the average adsorption energy E ADS obtained for the initial and final O configuration presented on Table 4 , and the adsorption energies per O atom E ADS for all the calculated O coverages and nanoparticle sizes. The Initial E ADS represented by the red line on Figure 8 shows how the difference in the availability of adsorption sites for each nanoparticle size plays a role in the adsorption energy trend with increasing O coverage for each nanoparticle. For Pt 55 , we achieve a 1ML O coverage using only HCP (111) sites at the vertex of the nanoparticle and bridge sites for the (100) facet, which is responsible for the constant value of Initial E ADS . For Pt 147 and Pt 309 , we obtain higher coverages by introducing weaker adsorption sites, which in turn reduce the average bond strength.
For all nanoparticle sizes, when the O coverage is higher than 0.6ML we see oxygen diffusions, which happen mainly from the HCP (111) adsorption sites to bridge sites in the vertices and edges of the nanoparticles. This effect increases the average bond strength, as the bridge sites in the edges between (111) and (100) facets have stronger binding energies than the initial HCP positions. The oxygen preference for adsorption sites in the edges and vertices of the nanoparticle with increasing O coverage was also previously observed with DFT 33,39 and MD 42 calculations, which similarly to our results, predicted a large concentration of oxygen in the edges of Pt nanoparticles and almost free terrace sites at (111) and (100) facets.
The assessment of these two effects and their evolution with the nanoparticle size, helps to understand the adsorption energy dependency on the O coverage and why each nanoparticle size seems to be affected differently by the O coverage increase. If we assess only the adsorption energies per O atom E ADS on Figure 8 , we can assume that the O coverage increase has a larger effect as we grow the nanoparticle size. From Figure 8 , we can see that the difference between E ADS for the highest and lowest oxygen coverage for a Pt 55 system is around 0. strength 5, 12, 13 .
For all nanoparticle sizes, as we increase the O coverage, the d-band states near the Fermi level are reduced in intensity and the intensity of the states near the -6.0 eV region increases. The peaks near -6.0 eV correspond to the overlapping orbitals between adsorbates and Pt surface. Additionally, to this effect we see a widening of the d-band states and consequently a downshift of the d-band centre. Figure 9 d ) shows how the d-band centres change with increasing O coverage. For all nanoparticle sizes, we observed a linear correlation between the O coverage and the lowering of the d-band centre. Similar changes in the d-bands and d-band centre due to the adsorbate coverage were observed for Pt, Pd, Au (111) slabs interacting with O, CO, N, and used to explain the adsorption energy dependencies on the adsorbate coverage for all metallic surfaces and adsorbates [23] [24] [25] [26] [27] .
For Pt nanoparticles, we observe that the downshifts in the dband centres can be used to explain the weakening of the adsorption energies with increasing O coverage to some extent. When compared with the results obtained for metallic slabs [23] [24] [25] [26] [27] [28] [29] , we obtained the same linear correlation between d-band centre and adsorbate coverage, while for the adsorption energies per O atom we see a non linear dependency on the O coverage. For Pt nanoparticles, we deal with a non-homogeneous O distribution through different adsorption sites and Pt facets, and we can use the d-band centre dependency on the O coverage only to qualitatively explain the physics about how the adsorbate coverage changes the electronic structure of the nanoparticle surface and consequently the bonding ability. However, we can not use the d-band centre of the Pt surface for different O coverages to linearly correlate the adsorption energies per O or to accurately predict the changes with increasing O coverage, showing that models for adsorbate-adsorbate interactions from calculations on metallic slabs should be used carefully when treating nanoparticles.
Conclusions
We carried out a study with large-scale DFT calculations on the interplay between the Pt nanoparticle size and O coverage effects. We described the implementation of angular momentum projected density of states (pDOS) within the ONETEP linear scaling DFT formalism and performed validation tests for simple systems such as an O atom and a CO molecule. We then computed single O adsorption energies for three adsorption sites on Pt n cuboctahedral nanoparticles with n up 309 atoms. These calculations demonstrated the quick convergence of the adsorption energies for single O adsorption on Pt cuboctahedral nanoparticles, which are almost unchanged for nanoparticles larger than Pt 55 . The size dependency on the adsorption energies correlates with the calculated d-band centre for (111) Pt facets on such nanoparticles, which were computed with the pDOS implementation previously described.
We performed a detailed analysis of different approaches of geometry optimisations used to study the oxygen coverage problem with DFT calculations, testing three approximations made to reduce the computational cost. We performed our tests with Pt 55 and Pt 147 nanoparticles and several O coverages. The first approximation is to maintain the Pt atoms in the nanoparticle in the optimised position found for an isolated nanoparticle. This approximation excludes the effects that the adsorbates create in the geometry of the nanoparticle, and greatly reduces the degrees of freedom in the geometry optimisation.
We showed that this approximation produces an almost constant shift in the adsorption energies of approximately 0.2 eV, maintaining the overall trends in adsorption energies per O atom with increasing O coverages and different nanoparticle sizes. The largest differences in adsorption energies happened for the higher computed O coverages. Additionally, the results observed when relaxing all Pt and O atoms, show a sinking of O atoms into the nanoparticle surface and considerable oxygen diffusion from their initial position as the O coverage increases. When the same systems are computed with a rigid Pt nanoparticle structure, only the O diffusion effect appears. These results show that the approximation is valid if one is mainly interested to study the dependency of adsorption energy per O atom with the O coverage and nanoparticle size, while for subsurface oxygen or higher O coverages studies the full relaxation should be more appropriate.
We also showed that it is possible to reproduce the results of covering a Pt nanoparticle with O by only covering one hemisphere of the cuboctahedral nanoparticle. This approach only produced significant changes for high O coverages, due to the migration of a few oxygen atoms near the free/covered interface, which does not exist when the nanoparticle is fully covered, towards the nanoparticle edges free of oxygen. As our third approximation, we tested the effect of relaxing only a subset of O atoms, optimising the O atoms for a single (111) facet while keeping all O the remaining O and Pt atoms in their initial positions. We saw that relaxing only a fraction of the O atoms was not enough to reproduce the final O positions for that facet and consequently the adsorption energies and O coverage dependency.
After these tests, the selected methodology was used to study the interplay between Pt nanoparticle size and O coverage, by computing a selection of coverages on Pt 55 , Pt 147 , and Pt 309 nanoparticles. We employed the first two assumptions, computing hemispherical O coverage and relaxing all O atoms with the Pt atoms frozen. We started our calculations placing O atoms at the hollow HCP near the vertices of (111) facets and bridge sites near the edges on (100) facets. As we increased the O coverage, we also used hollow HCP sites near the edges of (111) facets as initial positions for O atoms. In general, as we increase the O coverage the adsorption energy per O atom weakens and, when assessing the O concentration in terms of ML, this effect is more pronounced for larger nanoparticles.
We show that the differences observed in the adsorption energies per O atom due to the interplay between nanoparticle size and O coverage have three main causes. The first two are related with the adsorption sites where the O atoms are stable for each O coverage. For nanoparticles of different sizes, the proportion between the number of adsorption sites near the vertices, edges and centre is different. Thus, for each nanoparticle size, a same O coverage will be achieved with a different distribution of adsorption sites. For larger nanoparticles, higher coverages will consist of a higher proportion of weaker binding sites as compared with smaller nanoparticles, as the stronger adsorption sites are located on the edges and vertices of the nanoparticle. Secondly, for coverages higher than 0.6ML we see oxygen diffusions, mainly from the HCP (111) adsorption sites to bridge sites in the vertices and edges of the nanoparticles. The contribution of these two effects into the O coverage dependency of the adsorption energies was computed by calculating the adsorption energy averages for initial and final O configurations with the results of single O adsorption for each adsorption site.
Finally, we calculate the difference between the average adsorption energy for the final O configuration calculated with single O adsorption data and the adsorption energy per O atom for O covered Pt nanoparticles, showing that the electronic interactions between adsorbates and the modifications that the O atoms create in the Pt nanoparticle surface electronic structure control to a great extent the weakening of the adsorption energies due to the O coverage increase. The results for the d-band projected density of states for the surface Pt atoms showed a linear correlation between increases in the O coverage and downshifts in the d-band centre, which illustrates how the presence of adsorbates modify the metallic surface and weaken the adsorption energies per O atom.
The trends we observe for d-band centre with increasing O coverage are similar to those obtained in the literature for slabs calculations [23] [24] [25] [26] [27] [28] [29] , while the adsorption energy dependency on the O coverage differs from the trends for metallic slabs and are size dependent, showing the need of careful considerations to extend conclusions from metallic slabs to metallic nanoparticles. As the adsorption properties, which are key descriptors for catalytic systems, are dependent on the adsorbate coverage, we expect that the adsorbate coverage will play an important role under operating conditions. Thus, by bringing a detailed discussion about possible methodologies to tackle the problem with DFT calculations and by showing clear differences of the adsorbate coverage effect due to the nanoparticle size, we expect that our results will provide useful insights for understanding and developing better catalyst.
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Coulomb-cutoff radius
We performed our calculations with the spherical Coulomb-cutoff to avoid any interaction between the system and the periodic images. We defined the minimum Coulomb-cutoff radius r CC after a convergence test with O adsorption at a hollow site in a (111) facet of a cuboctahedral Pt 55 nanoparticle with a diameter of approximately 11 Å. The following table shows how the adsorption energy changes with the Coulomb-cutoff radius. The first r CC value is larger than the maximum inter-atomic distance inside our system rmax i j , while the second r CC value includes rmax i j and two times the NGWF radius r NGW F . We only observed fluctuations in the adsorption energies happened for r CC between these limits. Thus, to ensure convergence within the Coulomb-cutoff radius, we used a minimum r CC which is calculated with the following equation:
r CC = rmax i j + 2r NGW F + a
where we add the maximum inter-atomic separation, two times the NGWF radius, and a constant value a of at least 5 Å to account for Gibbs oscillations, as the Cutoff Coulomb operator is computed in reciprocal space.
Initial and Final O distribution
As discussed in the main article, the initial O distribution with a given O coverage is different for each nanoparticle size, as the ratio between adsorption sites in the edges and vertices of the nanoparticle and terrace sites is size dependent. For Pt 309 nanoparticles, as illustrated on Figure 3 , we see significant changes between initial and final O config- For all the nanoparticles we examined, we see that adsorption energies for Bridge sites in the vertices and edges of the nanoparticle are comparable or stronger than those obtained for HCP sites, making easier the O movement between these two adsorption sites. For the (100) facet, the only adsorption site as strong as the initial Bridge sites located near the edge of the nanoparticle is the adsorption site in the vertex between the (100) and (111) facets. However, after geometry optimisation, the sites in the edges and vertices of the nanoparticle are occupied by O atoms moving from the HCP (111) sites. Thus, as these sites are occupied, and top sites in the edge of (100) facets are much weaker than the initial bridge sites near edge, almost no O diffusion happens for (100) facets.
